Sequence polymorphisms among and within four Acacia species, A. aulacocarpa, A. auriculiformis, A. crassicarpa, and A. mangium, were investigated using four chloroplast DNA genes (atpA, petA, rbcL, and rpoA). The phylogenetic relationship among these species is discussed in light of the results of the sequence information. No intraspecific sequence variation was found in the four genes of the four species, and a conservative rate of mutation of the chloroplast DNA genes was also confirmed in the Acacia species. In the atpA and petA of the four genes, all four species possessed identical sequences, and no sequence variation was found among the four Acacia species. In the rbcL and rpoA genes, however, sequence polymorphisms were revealed among these species. Acacia aulacocarpa and A. crassicarpa shared an identical sequence, and A. auriculiformis and A. mangium also showed no sequence variation. The fact that A. mangium and A. auriculiformis shared identical sequences as did A. aulacocarpa and A. crassicarpa indicated that the two respective species were extremely closely related. Although a putative natural hybrid of A. aulacocarpa and A. auriculiformis has been reported, our results suggested that natural hybridization should be further verified using molecular markers.
I. INRODUCTION
There are more than one thousand documented species of Acacia, of which about 650 species occur in Australia. Acacia auriculiformis, A. mangium, A. aulacocarpa, and A. crassicarpa are four of only nine Australian Acacia species, whose distributions extend northward into Papua New Guinea and Indonesia (Moran et al., 1989) . The four species are multiple-purpose plantation species, and in the last decade, they have become a major plantation species used for pulp production in Southeast Asia. Acacia species have been introduced in commercial plantations in Southeast Asia. The total area of tree plantations is now approaching two million ha and the largest of these plantations (about 1.2 million ha) is located in Indonesia, where the major planted species is fastgrowing Acacia mangium Wild. (Arisman and Hardiyanto, 2006; Potter et al., 2006) . In industrial pulpwood plantations, these four Acacia species are newcomers compared to Eucalyptus. However, these species are suitable for kraft pulp production based on criteria such as basic density, bleaching properties, and pulp quality.
The genetic relationship among the four species is important for evolutionary study. In breeding programs, this information is useful for predicting hybridization activities. Until now there has been little discussion of the relationship among these species (Pettigrew and Watson, 1975; Boland et al., 1990; Brain and Maslin, 1996) . Moreover, the classification of the four species is not well elucidated. Some studies have been conducted in order to investigate the relationship among the four species (Widyatmoko et al., 2010) ; however, no phylogenetic analysis among the four species has been reported using the sequence information of chloroplast DNA (cpDNA) genes. Phylogenetic relationship among Acacia species have been reported by Clarke et al. (2000) , Byrne et al. (2001; and Brown et al. (2008) . Both of the research were using chloroplast DNA. Acacia species which have been used for phylogenetic relationship study revealed the significant association between phylogenetic position of many haplotypes and their geographical distribution. Hamrick et al. (1992) reported the effect of pollination to genetic diversity of species. Long-lived, outcrossing and wind-pollinated species has higher levels of allozyme diversity within population and less among population.
DNA sequences of cpDNA genes have been utilized for estimating the phylogeny of many taxa of plants. In particular, the chloroplast gene (rbcL) that encodes a large subunit of the enzyme ribulose-1,5-biphosphate carboxilase has been used to elucidate the relationships of Betulaceae (Chen et al., 1999) , Rutaceae (Chase et al., 1999) , Salix (Azuma et al., 2000) and Solanum (Bohs, 2004) . Intraspecific sequence polymorphism of cpDNA has also been investigated (Fujii et al., 1999; Amane et al., 2000; Zimmer et al., 2002) .
In this study, sequence polymorphisms among the four Acacia species were investigated using four cpDNA genes (atpA, petA, rbcL, and rpoA) . Furthermore, a phylogenetic relationship among these species was discovered and is discussed with the results of the sequence polymorphism.
II. MATERIALS AND METHODS
Plant materials for the study were obtained from the Australian Tree Seed Centre of CSIRO (Commonwealth Scientific and Industrial Research Organization), Australia, and from the Forest Tree Improvement Research and Development Institute, Indonesia. For each species, four seedlots (represented by one seed) were used for sequencing. Details of each sample are shown in Table 1 .
Total genomic DNA was extracted from the seeds with a mortar and pestle by an SDS isolation. Each seed was ground using 400 µl SDS extraction buffer, which contained 50 mM Tris-HCl (pH 9.0), 1% (w/v) SDS, 10 mM EDTA, and 0.5% (v/v) 2-Mercaptoethanol. After incubation at 65 o C for 60 min, 200 µl of 7.5 M ammonium 82 [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] acetate was added. The solution was kept on ice for 30 min, and was then centrifuged at 0 o C at 15,000 rpm for 40 min. The sample in the aqueous phase (400 µl), was transferred to a new tube, and the DNA was precipitated by the addition of 400 µl isopropanol. After circa 10 min, the precipitate was collected by centrifugation at 15,000 rpm for 10 min. The supernatant was completely removed, and the pellet was washed twice with 1.0 ml of 70% Ethanol. After the pellet was washed using a vacuum evaporator for 2 min, it was resuspended in 100 µl purified H 2 O. Finally, the crude solution was purified using a GeneClean III Kit (BIO 101), and the purified DNA was utilized as a template for PCR. o C, followed by 60 s at 72 o C. The PCR product was separated by electrophoresis in 1.5% agarose gel and the target fractions were excised from the gel. DNA was recovered from the gel particles and was purified using QIAEX II Gel Extraction (QUIAGEN). The sequence reaction was carried out using a Thermo Sequenase fluorescent labeled primer cycle sequencing kit (Amersham Pharmacia Biotech), the template DNA, and -21M13 (TGTAAAACGACGGCCAGT) / M13Rev (CAGGAAACAGCTATGA-CC) sequence primer 5'-labeled with Texas Red fluorescent dye (Amersham Pharmacia Biotech). The sequence was analyzed with a Hitachi SQ5500 DNA Sequencer. Table 2 . Primer sequences for amplifying the four cpDNA genes Raw data of sequences was analyzed using Sequencer 4.7 (Gene Codes Corporation). Both forward and reverse sequences of each samples of each region were assembled automatically using the program. Chromatogram of both sequences was used when incompatibility was found in order to decide the correct sequence of each sample for each region. Finally, all samples for each region were assembled automatically in order to recognize insertion-deletion and base substitution between the samples. 
III. RESULTS AND DISCUSSION

A. Intraspecific Variation of the Four Chloroplast Genes
In order to investigate sequence variations within species, four samples from four separate populations were used in each species (Table 1) . Of the four Acacia species, A. aulacocarpa was thought to have the largest genetic diversity (Widyatmoko et al., 2010) . The samples of this species from New Guinea Island, North Queensland, and South Queensland corresponding to the different subspecies were separated morphologically by Thomson (1994) . The length of atpA, petA, rbcL, and rpoA were 1084 bp, 561 bp, 1309 bp, and 782 bp, respectively, and no sequence variation was found in the four genes among the four samples. Eventhough McDonald and Maslin (2000) divided A. aulacocarpa into 6 species, no sequence variation was found among those species. In the remaining three species, exactly the same results were shown. A low rate of cpDNA mutation has been reported in Acacia acuminata complex in Western Australia (Byrne et al., 2002) . the time of divergence between the two main lineages within A. acuminata is in the order of 800,000 years ago, in the middle of the Pleistocene. Parfitt and Badeness (1997) and Provan et al. (1999) reported a low cpDNA mutation rate for the genus Pistacia and Pinus torreyana respectively. Restriction site mapping of chloroplast DNA was chosen for phylogenetic analysis because of its ability to provide many information characters, even in comparison to DNA sequence from any particular gene ( Jansen et al., 1998) 
B. Interspecific Variation Among the Four Acacia species
In the atpA and petA genes, no sequence variation was found among the four Acacia species. All four species possessed identical sequences. Sequences of the rbcL and rpoA genes are shown in Figures 1 and 2 . Although no length variation among species was observed in either gene, sequence polymorphisms were revealed among these species. Within the four species, A. aulacocarpa and A. crassicarpa shared an identical sequence, and A. auriculiformis and A. mangium also showed no sequence variation.
Number of base substitutions and amino acid changes among species are shown in Table 3 . In the rbcL sequence, six transitions and three transversions were found between the two groups mentioned above. In rpoA, two transitions between the two groups were identified. Five amino acid changes were caused by these substitutions between the groups. The amino acid changes were observed only in the rbcL gene.
An inference concerning the genetic relationship among the four Acacia species using RAPD analysis has been reported (Widyatmoko et al., 2010) . We indicated that the four species were separated into two clades: A. auriculiformis and A. mangium were grouped into one clade, and the other clade contained A. aulacocarpa and A. crassicarpa (Figure 3 ). In the RAPD study, moreover, genetic variations were observed within and among the species, because a RAPD marker is a more effective means of examining the relationship among closely related species. A. auriculiformis and A. mangium, which were grouped into the same clade, were separated into different respective subclades. In the latter clade, however, which contained A. aulacocarpa and A. crassicarpa, each species could not clearly form a clade. As a result, A. crassicarpa is considered a subspecies of A. aulacocarpa. McDonald and Maslin (2000) also mentioned closed relationship between those species. A result similar to this has also been reported by Thomson (1994) whose study was based on morphological observations. The present study clarified a phylogenetic relationship among the four species. The four Acacia species were classified into two groups. One group contained A. auriculiformis and A. mangium, and the other consisted of the remaining two species. Within each group, two species had exactly the same sequences in the four cpDNA genes. Between the two groups, 11 substitutions were found in the rbcL and rpoA genes. Putative natural hybrids of A. aulacocarpa and A. auriculiformis have been found (Thomson, 1994) . However, our results suggested that A. aulacocarpa and A. auriculiformis were distantly related. Therefore, natural hybridization between these two species might be further verified using molecular markers.
Interspecific variation among Acacia species have been reported by and Clarke et al. (2000) and Byrne et al. (2002) . Byrne et al. (2002) reported a significant association between phylogenetic position of many haplotypes and their geographical distribution. The cpDNA analysis clearly identified A. oldfieldii as distinct from the rest of the A. acuminata complex. Clarke et al. (2000) reported the phylogenetic relationship between 4 Acacia sub genus Acacia in Caribbean, Africa, South America and North America. A group of Carribean species was found to be ancestral in Acacia subgenus Acacia, and African and South American species were found to relatively derive with respect to North American species. 
IV. CONCLUSION
Sequence polymorphisms were revealed among these species for rbcL and rpoA genes. No sequence variation was found for Acacia aulacocarpa and A. crassicarpa, and also for A. auriculiformis and A. mangium. Both groups were differentiated by 11 bases.
The phylogenic results of this and previous studies may be useful in planning, especially in breeding programs. For A. mangium and A. auriculiformis, which are extremely closely related, it might be necessary that interspecific hybridization breeding be carried out on a larger scale in the breeding programs. A similar breeding strategy is also worth discussing for A. aulacocarpa and A. crassicarpa.
